Introduction
The coexistence of superconductivity and magnetism is a phenomenon of great interest in condensed matter physics. In almost all materials, these two fundamental states are highly competitive and destroy the superconductivity. Compounds based in Bi-Ni, such as LaO 1- , present this complex phenomenon. In the superconductor Bi 3 Ni compound, with critical temperature T C around 4.1 K 3 , the coexistence of superconductivity and ferromagnetism is observed, with superconductivity emerging in the ferromagnetically ordered phase 4 . The stoichiometric Bi 3 Ni is described as an intermetallic alloy with an orthorhombic crystallographic structure of CaLiSi 2 -type, 16 . They demonstrated from electron spin resonance that ferromagnetic fluctuations exist on the surface of the crystal below 150 K.
In this study, we describe the substitution effects of Fe ion in the structure of the Bi 3 Ni 1-x Fe x (x = 0.00, 0.05 and 0.10) superconductor. The samples were prepared by the solid-state reaction method and characterized by X-ray diffraction, optical and scanning electron microscopy with energy dispersive spectroscopy, atomic force microscopy and Raman spectroscopy. It was observed that the main phase corresponds to Bi 3 Ni 1-x Fe x , but with small quantities of BiNi and Bi as impurities. From SEM and AFM, two regions were observed in all samples: white and gray. The white region is richer in Bi and poorer in Ni and Fe than the gray region. Observations from atomic force microscopy experiments, in magnetic mode, showed the presence of magnetic interactions in the range of 500 nm. Raman spectra were obtained and two phonon modes were observed, with no peak shift dependence with Fe doping.
Experimental Details
Polycrystalline samples of Bi 3 Ni 1-x Fe x (0 ≤ x ≤ 0.10) were prepared by the solid-state reaction method using Bi pieces and Ni and Fe powders. Appropriate amounts were mixed with help of a pestle and mortar for around one hour. Then, the product was pelletized and encapsulated in an evacuated quartz tube for melting. Samples were heated at 1000 ºC for 24 h and slowly cooled to room temperature. The characterization was performed by X-ray diffraction (XRD), optical and scanning electron microscopy (SEM) with energy dispersive spectroscopy (EDS), atomic force microscopy (AFM) and Raman spectroscopy. XRD experiments were carried out using a Rigaku diffractometer with CuK α radiation and XRD patterns were collected from 5º to 120º in the 2θ range with 0.006 step and 6 s counting time. The unit cell parameters were refined by the Rietveld-Le Bail method using the GSAS+Expgui software [12] [13] . Samples were also characterized in air and at room temperature using a commercial AFM system (SPM-9600 Shimadzu) in non-contact and magnetic modes. The images were processed to remove the low-frequency noise. The images were obtained with silicon cantilever with a magnetized cobalt coating (MFMR-10 from Nano World Innovative Technologies). The probe was Al-coated on the detector side. The cantilevers had a resonant frequency of approximately 75 kHz, with nominal spring constant of 2.8 N/m. Unpolarized confocal Raman measurements were performed with a Bruker Senterra R200-532 spectrometer equipped with an Olympus optical microscope and with a thermo-electrically cooled CCD detector equipped with a solid state laser with λ = 532 nm. A 50X objective microscopic lens was used at different regions of the samples. A circular pin-hole of 50 µm was used with an estimated spot size of 2 µm at sample surface. Acquisition times were around 20 s with an incident laser power density below 60 x 10 4 W/cm 2 in order to avoid sample heating. The magnetic properties were measured by using a physical property measurement system (PPMS, Quantum Design) and a vibrating sample measurement system (VSM). DC magnetization measurements were performed as a function of temperature under zero-field-cooling (ZFC) and field-cooling (FC) conditions.
Results and Discussion
The X-ray powder diffraction patterns at room temperature of polycrystalline Bi 3 Ni 1-x Fe x samples with x = 0.00, x = 0.05 and x = 0.10 are displayed in Figure 1 . It was observed that the main phase corresponds to Bi 3 Ni 1-x Fe x with orthorhombic structure (Pnma) and with small quantities of impurities of BiNi and Bi. No Ni as impurity was detected. The unit cell parameters, atomic factor parameters and agreement factors obtained by Rietveld-Le Bail method are summarized in Table 1 . Specifically for Bi 3 Ni 1-x Fe x samples, the behavior of lattice parameters as a function of iron doping can be seen in Table 1 . The value of the lattice parameter a is approximately constant with 8.8832 (1) Å for x = 0.00 and 8.8837 (1) Å for x = 0.10. On the other hand, b and c increase with iron doping. The b parameter increased from 4.0997 (1) Å for x = 0.00 to 4.10283 (9) Å for x = 0.10 while the c parameter increased from 11.4839 (2) Å to 11.4876 (1) Å. Also, the unit cell volume increases from 418.23 (1) Å 3 for x = 0.00 to 418.71 (1) Å 3 for x = 0.10. The lattice parameters and unit cell volume for pure Bi 3 Ni (x = 0.00) derived from least squares refinement are in agreement with the published result obtained in another study 14 . Also, from Table 1 , we can observe that R wp (R -weighted pattern) and CARACTER 1 (goodness-of-fit) are small and therefore reliable. Fe 0.00 sample as revealed by SEM using backscattered electrons. From panel (a), we can clearly observe a granular structure with several pores. It also shows that the sample is inhomogeneous at micrometric scale, with white and gray regions. The same structure is observed for all samples. Their composition measured by EDS will be discussed later. Figure 2 (b) shows in higher magnification several microcracks that are aligned approximately parallel to a horizontal direction in the photograph. The origin of these cracks may be due to thermal expansion anisotropy as observed in REBa 2 Cu 3 O 7-δ (RE = rare earth) 15 or due to weak bonding between the laminar grains as observed in iron-based superconductors 16 . If the same image of the polycrystalline sample with x = 0.00 is observed by optical microscopy, two regions are also distinguished in the upper inset. In the lower inset, the surface morphology of the polycrystalline Bi 3 Ni 0.90 Fe 0.10 sample was analyzed with atomic force micrograph in phase mode using a Si probe and revealed also two regions, one darker on the right side and another white on the left side of the figure. We cannot distinguish each of these two regions corresponds to the two regions observed by SEM, but they maybe correlated. If Figure 3(b) is magnified, several lamellae are observed in both white (Figure 4(a) ) and gray (Fig. 4(b) ) regions. Their thickness is around 500 nm and they are aligned across several grains. While in the white region the porosity appears to be low, in the gray regions, the porosity is higher. Also the pores appear to be aligned parallel to the lamellae in the gray region. It is possible to observe also in Figs. 3(b) and 4 that this microstructure runs across several white and gray regions, leaving the possibility our samples to be textured.
In view of the different regions observed from X-ray and SEM at different samples, we decided to analyze the chemical composition using energy dispersive spectroscopy (EDS). Local composition of the Bi 3 Ni and Bi 3 Ni 0.90 Fe 0.10 samples was determined by EDS in different positions on the sample surface and in using areas of 4 x 4 μm 2 . Table 2 o degrees and the observed magnetic fringe pattern did not change orientation with the sample. We do not think that this observed magnetic fringe pattern is related with the lamellae structure observed in Figs. 4 since this pattern was also observed in samples with x = 0.00 (Fig. 4(a) ). showed that there is variation in the chemical composition between the white and gray regions. This chemical composition difference is smaller in the Bi 3 Ni than in the Bi 3 Ni 0.90 Fe 0.10 . The white region is richer in Bi and poorer in Ni than the gray region for Bi 3 Ni samples. When Fe is added, its solubility is higher in the gray region (14 %) than in the white region (8 %). Also, the ratio between Bi/Ni is constant (10) for the gray phase for the Bi 3 Ni and Bi 3 Ni 0.90 Fe 0.10 samples. For the white region, this ratio increases when Fe is added. The XRD experiment shown in Figs. 1(a-c) revealed that the white and gray regions have the same atomic structure, despite of the slight different chemical composition due to the different solubility of the elements revealed in the SEM. Figure 5 show AFM images of 10 x 10 μm 2 area for Bi 3 Ni 0.90 Fe 0.10 sample. Both images were obtained under Raman spectroscopy is a powerful tool to detect changes at the microscopic level. Then, the search for specific features in the Raman spectra could shed new light in the effect of iron substitution in Bi 3 Ni 1-x Fe x samples. We probed the samples with different power densities, from 6 to 60 x 10 4 W/cm 2 (applied power from 2 to 20 mW) at room temperature in order to investigate possible suppression or enlargement of active Raman modes as a function of the laser power density. Different locations on the sample surface were probed in order to assure spectra representability. Figure 6 shows Raman spectra of Bi 3 Ni 1-x Fe x samples with x = 0.00, x = 0.05 and x = 0.10 obtained at room temperature with an applied power of 10 mW (30 x 10 4 W/cm 2 ). This power had the best signal-to-noise ratio with well resolved Raman peaks. The Raman spectra showed 2 Raman modes at 69 ± 1 and 96 ± 1 cm -1 . The line observed in 69 cm -1 is the most prominent, while a weaker band is observed at 96 cm -1
. The phonon modes observed in this study show typical Lorentzian line shapes without asymmetry. The two peaks were not identified with any specific displacement mode and to the best of our knowledge, there is no mode identification for this material in the literature. No significant changes were observed in the spectra with Fe doping. To study the effect of sample inhomogeneity in the Raman spectra modes, we sampled the polycrystalline Bi 3 Ni 0.95 Fe 0.05 , with measurements performed at different locations across the sample 50 µm apart. A power of 10 mW was used. The positions taken for the spectra are displayed in Fig. 7(a) and the corresponding Raman spectra are shown in figure 7(b) . The peak positions of the spectra do not change with the location on the sample, despite the presence of the inhomogeneities (white and gray regions, apart from BiNi and Bi impurities) present in the samples. On the other hand, the intensity of the peaks varied with the position. Therefore, it can be concluded that the presence of small inhomogeneities does not shift the Raman peaks but change their intensities. From the phase diagram of Bi-Fe, Bi 3 Fe samples may not be formed 18 . In this study, we did not observe any difference in the XRD diffractograms in samples with different Fe concentrations. SEM showed only small differences in stoichiometry of the Bi 3 Ni 1-x Fe x phase for all Fe concentrations. Also, the Raman spectra were the same for samples with different Fe concentrations, even for the white and gray regions. Therefore, we conclude that Fe completely substitute Ni for all concentrations studied (up to x = 0.10).
Conclusions
Polycrystalline Bi 3 Ni 1-x Fe x (0 ≤ x ≤ 0.10) superconductor was synthesized by the solid-state reaction method. Samples' morphology consisted of laminar slab-like crystals. From XRD, it was observed that the main phase corresponds to Bi 3 Ni 1-x Fe x with small quantities of BiNi and Bi as impurities. From SEM observations, two regions were observed. One region is richer in Bi and poorer in Ni and Fe than the other. Raman spectra were obtained and two phonon modes were observed, with no peak shift dependence with Fe doping. It was also observed that Bi 3 Ni 1-x Fe x show superconductivity below a transition temperature T C = 4 K.
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